Background: Spreading of misfolded proteins has been suggested for neurodegenerative diseases. The hierarchical distribution of protein deposits in Alzheimer's (AD) and Parkinson's disease (PD) supports this concept. Objectives: To evaluate ␣-synuclein and tau-deposition in the optic pathway as an excellent anatomical model, which follows a strict trajectory including a cortico-geniculate feedback connection. Methods: We immunostained the optic nerve, lateral geniculate nucleus (LGN), and occipital cortex for AT8 (phosphorylated tau), ␣-synuclein, and disease-associated prion protein (PrP) in 47 cases with tau pathology (AD type, argyrophilic grain disease, or progressive supranuclear palsy), 16 PD, and 5 Creutzfeldt-Jakob disease (CJD) cases, respectively. Results: We detected immunoreactivity for all proteins along the optic pathway. The optic nerve showed immunopositivity only in cases with tau (6/8, 75%) or ␣-synuclein (5/7, 71%) pathology. The LGN was involved also frequently (tau: 22/47, 46.8%; ␣-synuclein: 15/16, 93.7%; PrP 5/5, 100%). The occipital cortex was variably affected by tau or ␣-synuclein pathology, but always showed PrP immunoreactivity in the CJD cases. Tau pathology in the LGN correlated with tau immunoreactivity in the occipital cortex and Braak stages of neurofibrillary degeneration. In tauopathies, which do not involve the occipital cortex, like argyrophilic grain disease or progressive supranuclear palsy, tau pathology was more frequently astrocytic in the LGN. Conclusions: Our results have implications 1) for the understanding of disease spreading along neural pathways and 2) for the diagnostic evaluation of the visual system in neurodegenerative proteinopathies as a potential biomarker to evaluate disease progression or subgrouping of cases.
INTRODUCTION
Neurodegenerative diseases (NDDs) are characterized by loss of nerve cells and accumulation of misfolded proteins. Due to various causes, the physiological conformation changes from an ␣-helix to ␤-sheet structure, leading to protein misfolding and neuronal degeneration [1] . Prion diseases or transmissible spongiform encephalopathies are the model as filamentous cytoplasmic glial inclusions in multiple system atrophy (MSA) and in the nerve cell soma and processes in Parkinson's Disease (PD) and dementia with Lewy bodies (DLB) [5, 6] .
According to the prion theory, the disease-associated PrP Sc changes the physiological PrP c molecules. Following internalization of PrP Sc in the neurons via the endosomal-lysosomal system prions can spread cell-to-cell. Spreading of the disease-associated PrP conformer is thought to follow neural pathways. Recent experimental studies and observations in humans (e.g. grafted neurons in PD) have shown similarities in spreading, including cell-to-cell transmission, and self-perpetuation of other NDD-related proteins [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The observation of a prion-like internalization process of disease-associated ␣-synuclein in the human brain supported this notion [18] . Indeed, the hierarchical involvement of different anatomical regions described by Braak et al. for tau in AD-related changes [19] as well as for ␣-synuclein pathology in PD [20] , already suggested that proteins disseminate through anatomical pathways during the disease course. A recent study of Recasens et al. demonstrated that the spreading of ␣-synuclein pathology to distant brain areas can also be replicated in animals and that it is more prominent in highly interconnected brain regions [21] . On the other hand, contrary findings were reported in an experimental model, where human ␣-synuclein pathology was induced in transgenic and non-transgenic mice, since it remained restricted to the site of inoculation [22] .
To investigate cell-to-cell spreading in the human brain the optic pathway is an excellent model, since it barely has any anatomical connections to other brain regions and can be easily examined. The optic nerve projects to the lateral geniculate nucleus of the thalamus (LGN) and from there fibers project to the primary visual cortex [23] . Moreover, from the sixth layer of the primary visual cortex there is a cortico-geniculate feedback connection [24] . Only 5-10% of the synaptic inputs in the LGN are from retinal ganglion cells, hence the majority of projections stem from the visual cortex and a subset also from the thalamic reticular nucleus, the pulvinar and the brainstem [23] [24] [25] . Indeed spreading of prion disease related lesions along the visual pathway has been already demonstrated in mice, which were inoculated with a human brain homogenate of a patient with Creutzfeldt-Jakob disease (CJD) [26] . Based on these observations, in the present study we investigated whether there is a similar distribution pattern along this pathway for tau and ␣-synuclein in the human brain.
MATERIALS AND METHODS

Selection of cases
Cases were selected from the archives of the Institute of Neurology, Medical University of Vienna. For the evaluation of tau pathology 47 cases were included. From these 28 had only AD-related pathological changes. Further 19 had AGD or PSP-like pathology with or without AD-related changes (9 cases AD+AGD, 5 cases AD+PSP, 2 cases AD+AGD+PSP, 1 case PSP+AGD, 1 case with pure PSP, 1 case with complex tauopathy [27] (Table 2) . Additionally, we also evaluated brain tissue with prion disease (sporadic Creutzfeldt-Jakob disease, CJD, 4 cases MM type 1, 1 case MV type 2, mean age at death 65 ± 5). Neuropathological diagnosis was based on internationally applied diagnostic criteria [19, 20, [28] [29] [30] [31] [32] . The presence of the full extent of the LGN on the sections of the posterior hippocampus was a pivotal factor for case selection. Optic nerve was available in eight patients with tau pathology (6 with only ADrelated changes, 2 with AD+PSP), in seven patients with ␣-synucleinopathy and in four patients with sporadic CJD. Samples were collected following local regulations and the study was performed in the frame of a study ("Molecular neuropathologic investigation of neurodegenerative diseases") approved by the Ethical Committee of the Medical University of Vienna.
Immunohistochemistry and evaluation of tissue sections
Three components of the optic pathway, the optic nerve (either at the optic chiasm or the optic tract), the LGN and the primary visual cortex (layer VI), were examined in formalin-fixed, paraffinembedded tissue blocks. The blocks were cut into 3 m thick sections. Immunohistochemistry was performed with anti-tau AT8 antibody (1:200; AB223647, Pierce Endogen, USA), ␣-synuclein antibody (5G4; 1:4000; Roboscreen, Germany) [18] , and with a monoclonal antibody against PrP (12F10; 1:2000, AB10080043, Cayman Chemicals, USA). Serial cutting of optic nerve samples was performed in cases that were initially negative. Due to the low amount of immunoreactive structures in the optic nerve and LGN we used a dichotomic evaluation (immunoreactivity present or not). For the occipital cortex we applied a three-tiered scoring (−: none; ±; mild degree of immunoreactivity; +: prominent immunoreactivity). In addition, co-immunostaining with anti-tau AT8 and anti-GFAP (rabbit polyclonal, 1:3000; AB10013482, Dako, Denmark) was performed on 10 m thick sections. These antibodies were incubated together for 48 hours at 4 • C. After washing, the sections were incubated with anti-rabbit Alexa fluor 488 (Jackson Immunoresearch, USA) and goat anti-mouse Cy3 (Jackson Immunoresearch, USA) for 2 hours at ambient temperature. Sections were examined and photographed with a confocal laser-scanning microscope (Leica TCS SP5 II).
Statistical analysis
We correlated scores for the protein deposits in the LGN, optic nerve and layer VI of the occipital cortex using the Spearman correlation test and also performed a Fisher's exact test to assess the relation between the frequency of these deposits in the examined cases. Data were regarded as statistically significant at a pvalue ≤ 0.05.
RESULTS
Description of immunoreactivity patterns
Tau (AT8) pathology in the optic nerve comprised thread-like and granular structures (Fig. 1a) , ␣-synuclein immunostaining revealed thread-like, granular and dot like positivity (Fig. 1d) , while there was no positivity in the sporadic CJD samples (Fig. 1g) . In the group of cases with tau pathology 6/8 (75%) of the samples showed immunopositivity for AT8 in the optic nerve, and ␣-synuclein immunoreactivity was seen in 5/7 (71.1%) in cases with Lewy-related pathology (Tables 1 and 2 ).
In the LGN tau positive grain-like structures, threads, and astroglial immunoreactivity were seen (Fig. 1b) .
There were no neuronal cytoplasmic immunoreactivity or neurofibrillary tangles. The rims of occasional corpora amylacea were also immunopositive. The LGN showed threads and grain-like profiles in 22/47 (46.8%) of the cases irrespective of the Braak stage of neurofibrillary degeneration, including cases with additional PSP or AGD (Table 1) . Immunostaining for ␣-synuclein revealed thin and thick neurites as well as dot-like structures (Fig. 1e) . Almost in all samples (15/16; 93.7%) of the PD cases some degree of ␣-synuclein immunoreactivity was present in the LGN, irrespective of the Braak stage (4-6) of Lewy-related pathology ( Table 2 ). Immunostaining for PrP revealed diffuse synaptic and fine somatosynaptic pattern in all five sporadic CJD cases (Fig. 1h) .
In layer VI of the primary visual cortex tau immunoreactive neuropil threads, neurofibrillary tangles and dystrophic neurites around amyloid plaques were detectable in cases with Braak stage VI. In Braak stages lower than V few dot-and thin thread-like neuropil immunoreactivity were also seen in a few cases (Fig. 1c) as described already in AD [32] . This was also observed in 4/8 (50%) of the PSP cases with Braak stages ≤ 4 (3 associated with Braak stage II, and 1 pure PSP case). AGD was not associated with tau positivity in the occipital cortex in lower Braak stages (≤ 4). In 7/16 (43.7%) of the PD cases dotand thread-like, neuronal cytoplasmic and astrogliarelated ␣-synuclein immunoreactivities were seen in the occipital cortex (Fig. 1f) . All five (100%) sporadic CJD cases showed diffuse synaptic and fine somatosynaptic PrP deposition in the cortex (Fig. 1i) .
Correlation between variables
In cases that showed only neurofibrillary tau pathology related to AD a significant correlation between Braak stages and neuron-related immunopositivity (grain-like profiles and threads) and between Braak stages and total tau-load (neuron-related and glial) in the LGN (for both correlations: n = 28, Spearman R = 0.447, p = 0.017) was observed. Tau pathology in the LGN (grain-like profiles and threads and total tau-load) correlated also with the load of occipital tau pathology (for both correlations: n = 28, R = 0.50, p = 0.007 respectively). Fisher's exact test also showed a significant association between LGN positivity and occipital tau pathology (n = 28; p = 0.001). After dividing the samples with only AD-type pathology (N = 28) in two groups with regard to their Braak stages (Braak ≤ 4, n = 15, and Braak ≥ 5, n = 13) the correlation between LGN and occipital cortex remained significant in the group with Braak stage ≤ 4 (R = 0.784, p = 0.001) ( Table 1) .
In addition, a significant correlation between optic nerve and LGN positivity could be detected in cases with only-AD type pathology (n = 6; R = 1.0, p < 0.01) and there was also a trend towards a significant correlation between optic nerve and occipital cortex immunoreactivity (n = 6; R = 0.775, p = 0.07). When pooling all cases with tau pathology, the correlation between tau immunoreactivities in the LGN and occipital cortex remained significant (n = 47, Spearman R = 0.351, p = 0.015). Fisher's exact showed a significant association between LGN and occipital pathology (n = 47; p = 0.022). Furthermore, a strong, significant correlation was seen between the optic nerve tau immunopositivity and occipital cortex tau pathology (n = 8, R = 0.816, p = 0.013). In summary tau immunopositivity was never observed in the optic nerve without immunoreactivity in the LGN and occipital cortex. Tau immunopositivity in the LGN without corresponding immunoreactivity in the optic nerve or occipital cortex was seen frequently in PSP; however, mostly associated with astrocytes ( Fig. 1j-l) .
In Lewy body disorders we observed a strong trend for correlation between ␣-synuclein immunopositivity in the optic nerve and occipital cortex (n = 7, R = 0.730, p = 0.062). In total, 7/16 (43.7%) of cases with positivity in the LGN showed also immunoreactivity in layer VI of the occipital cortex. In addition, in four out of the seven LGN-positive cases optic nerve samples were available and were always positive. Moreover, only one case showed optic nerve positivity without occipital pathology (Table 2 ). However, we could neither detect a significant correlation between LGN and optic nerve positivity (n = 7; R = 0.645, p = 0.117) nor LGN and occipital positivity (n = 16; R = 0.228, p = 0.396) nor with Braak staging (n = 16; R = 0.244, p = 0.362). There was also no correlation between Braak staging (4-6) and occipital (n = 16; R = 0.179, p = 0.508) or optic nerve immunoreactivity (n = 7; R = 0.669, p = 0.100).
DISCUSSION
Prion-like seeding of misfolded proteins in NDDs is a widely discussed topic. Our aim was to evaluate the optic pathway, whether the distribution of protein deposits support the concept of propagation along neural paths. Indeed, we observed tau, ␣-synuclein and PrP immunoreactivity in a significant proportion of the examined cases.
We demonstrated a significant correlation of tau pathology in the LGN with Braak staging in patients with only AD-type tau pathology, which is in line with Braak's theory of hierarchical disease development. However, we observed that in lower Braak stages, cases with tau positivity in the LGN had also some immunoreactivity in the occipital cortex, while cases without LGN tau positivity did not show these immunoreactivities in the occipital cortex. In fact, a relative strong relation between tau inclusions in the LGN and layer VI of the occipital cortex could be shown when we evaluated only the cases with lower stages (Braak stage ≤ 4) . Although moderate to severe immunopositive threads in the occipital cortex are only seen in Braak stage V and VI, some positivity has been also reported in lower Braak stages [32] . Altogether, this might suggest that the simultaneous presence of tau pathology in the LGN and occipital cortex is not incidental, but it reflects the spreading between these anatomical structures. In summary, the strong correlation between the presences of tau immunoreactivity in the three examined anatomical structures suggests that, at least in a subset of patients, the visual system is affected during the disease course with a progression along neural pathways. However, we cannot clarify whether tau pathology in the optic nerve is an early event or not, since we cannot exclude the possibility of a retrograde spreading of tau pathology from the LGN to the optic nerve. Visual dysfunction is frequently observed in patients with AD suggesting involvement of the visual system during the disease course. Although tau pathology is known to be present in the primary visual cortex and more severe in the secondary visual cortex, the LGN was thought to be less susceptible for AD related pathology [33, 34] . However, our study used the very sensitive method of detecting disease-associated phosphorylated tau (AT8 antibody) [3] , whereas those studies were conducted at a time, where immunohistochemistry was not applied for assessing AD-related pathology.
In addition to evaluating cases with only AD-type tau pathology, we also pooled cases with different concomitant tau pathologies together, since these cases are more representative of ageing in the human brain [35, 36] . We detected a weaker correlation between LGN and occipital pathology. This might suggest that PSP and AGD-related tau pathologies (i.e. strains) do not involve the occipital cortex, thus seeding along neural pathways between LGN and occipital cortex is more characteristic for AD related tau pathology. However, there are limitations of our study due to the fact that immunoreactivities in the optic nerve are small and easily missed even after serial cutting of the samples, furthermore, that the optic nerve samples were available only from a few cases. Due to this limitation in the pure PSP cases we were unable to correlate our findings with the grading of tau pathology as suggested by Williams et al. [37] . In addition, the small amount of tau pathology in these structures (optic nerve and LGN) did not allow the application of a semiquantitative scoring.
Aggregates of intracellular ␣-synuclein in neurons of the retina of PD patients have been recently reported, linking it to visual impairment seen in these patients [38, 39] . The presence of physiological forms of the synuclein family in human retina and optic nerve has been also reported [40] . Our study complements these observations by demonstrating the presence of disease-associated ␣-synuclein, using a very sensitive antibody [41] , along the visual pathway in PD. As for tau immunoreactivities, ␣-synuclein deposits in the optic nerve are small. However, most of the patients showed some kind of pathology in the LGN and some cases showed ␣-synuclein immunoreactivity in the occipital cortex. In addition, a strong correlation between optic nerve and occipital cortex pathology was observed, which, however, showed only a trend towards significance probably due to the small sample size. A study using ␣-synuclein immunohistochemistry examining the visual pathway of 19 DLB cases described mild cell loss in the LGN; however, in contrast to our study they did not detect Lewy bodies or neurites in the LGN and only single neurites in the primary visual cortex and some more positivity in the secondary visual cortex [42] . Whether, this discrepancy is due to different anti-␣-synuclein antibodies used or to a different patient cohort in our and their study is not clear. Furthermore, it must be noted that serial sectioning is recommended in cases where the optic nerve or LGN does not show any immunoreactivity. Thus, our study expands their observations [42] and supports the concept of the involvement of the retino-geniculo-occipital in addition to the retinocolliculo-thalamo-amygdala pathway, which could be one explanation for visual hallucinations and dysfunction in PD patients [42, 43] .
Interestingly, immunoreactivity for ␣-synuclein was more prominent and more frequent in the LGN in PD as compared to tau in AD samples. In addition, the majority of the cases with positivity in the optic nerve also showed positivity in the occipital cortex, suggesting spreading of the protein deposits in the course of disease. Pathologic deposits of ␣-synuclein are also known in the peripheral, including several cranial nerves [18] , and autonomous nervous system as well as in other organs in Lewy body disorders [44] . It must be noted, however, that apart from the retina, the LGN receives input from regions, which are affected in Lewy body disorders (i.e. thalamic nuclei, brainstem); this might explain the immunopositivity in the LGN without deposits in the optic nerve or occipital cortex. Furthermore, optic nerve and occipital positivity might be also dependent of disease progression, as only cases with Braak stage 4 in our cohort show LGN positivity without immunohistochemically detectable involvement of the optic nerve or occipital cortex.
Importantly, all CJD cases showed PrP immunoreactivity both in the LGN and occipital cortex. Although we could not see immunoreactivity in the optic nerves, the optic nerve is considered as highly infectious tissue in patients with suspected CJD [45] . Our cases were mostly MM type 1, which are discussed to have less frequent PrP Sc deposits in the retina and optic nerve, due to a shorter disease course in these cases assuming there is a centrifugal spread of disease associated PrP from the brain to the optic nerve and retina [45] . Our findings in AD and PD resemble in some aspects the patterns of protein deposition in human prion disease. However, our study is not sufficient to show the mechanisms underlying this process. Transmission of pathologic tau via synapses has been discussed as a model for spreading along axons to nerve cells in AD [46] . Our observation of thread like and granular deposits could be a morphological support for these experimental observations. A recent study examined human P301S tau transgenic mice infused with human brain extracts containing tau aggregates and showed that spreading of tau pathology is probably dependent on synaptic connectivity [47] . The authors discuss that the lack of tau propagation to the LGN, a nucleus not connected but in close proximity to the hippocampus, discounts the possibility of tau seeds simply diffusing from the infusion site to distal nuclei.
In summary, our study supports 1) the notion that tau and ␣-synuclein may spread along neural pathways, and that 2) the clinical assessment of visual function and particularly the examination of the retina and the optic nerve, might be a promising diagnostic tool to evaluate disease progression or to stratify the patients with visual system involvement in these neurodegenerative disorders [34] .
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